Abstract Multisensory integration (MSI) and spatial attention are both mechanisms through which the processing of sensory information can be facilitated. Studies on the interaction between spatial attention and MSI have mainly focused on the interaction between endogenous spatial attention and MSI. Most of these studies have shown that endogenously attending a multisensory target enhances MSI. It is currently unclear, however, whether and how exogenous spatial attention and MSI interact. In the current study, we investigated the interaction between these two important bottom-up processes in two experiments. In Experiment 1 the target location was task-relevant, and in Experiment 2 the target location was task-irrelevant. Valid or invalid exogenous auditory cues were presented before the onset of unimodal auditory, unimodal visual, and audiovisual targets. We observed reliable cueing effects and multisensory response enhancement in both experiments. To examine whether audiovisual integration was influenced by exogenous spatial attention, the amount of race model violation was compared between exogenously attended and unattended targets. In both Experiment 1 and Experiment 2, a decrease in MSI was observed when audiovisual targets were exogenously attended, compared to when they were not. The interaction between exogenous attention and MSI was less pronounced in Experiment 2. Therefore, our results indicate that exogenous attention diminishes MSI when spatial orienting is relevant. The results are discussed in terms of models of multisensory integration and attention.
Introduction
Two processes that are involved in the interaction between information from different senses are multisensory integration (MSI) and crossmodal attention. Both MSI and (crossmodal) attention are able to facilitate the speed of detection, and the accuracy of localization and identification of targets (e.g., Leo, Bologinini, Passamonti, Stein, & Ladavas, 2008; Montagna, Pestilli, & Carrasco, 2009; Spence & Driver, 1997; Stevenson, Krueger Fister, Barnett, Nidiffer, & Wallace, 2012) . To date, however, it is unclear under what circumstances and how these two processes interact. Although some studies have found that MSI occurs independent of whether attention has been allocated to the multisensory stimulus (e.g., Bertelson, Vroomen, de Gelder, & Driver, 2000; Bertelson, Pavani, Ladavas, Vroomen, & de Gelder, 2000; Soto-Faraco, Navarra, & Alsius, 2004; Vroomen, Bertelson, & de Gelder, 2001) , other studies have shown that attention is able to modulate MSI (e.g., Alsius, Navarra, & Soto-Faraco, 2007; Fairhall & Macaluso, 2009; Talsma & Woldorff, 2005; Talsma, Doty, & Woldorff, 2007) . To explain these different findings, it has been suggested that the influence of attention on MSI depends on several factors such as the type of task (e.g., detection vs. identification), the stimulus properties (e.g., salient vs. near threshold, simple vs. complex), and the attentional resources that are available (e.g., low attentional load vs. high attention load; exogenous vs. endogenous attention manipulation; for reviews see Koelewijn, Bronkhorst, & Theeuwes, 2010; Talsma, Senkowski, Soto-Faraco, & Woldorff, 2010) .
Interestingly, studies of the interaction between attention and MSI have mainly looked into the influence of endogenous attention on MSI. The results from these studies indicate that endogenous attention influences MSI, either by showing that it enhances MSI (e.g., Talsma & Woldorff, 2005; Fairhall & Macaluso, 2009 ; but see Bertelson, Vroomen, de Gelder, & Driver, 2000) , that MSI is decreased when attentional resources are limited or depleted (Alsius, Navarra, Campbell, & Soto-Faraco, 2005; Alsius, Navarra, & Soto-Faraco, 2007) , and that endogenous spatial attention spreads across the unimodal components of a multisensory stimulus (Busse et al., 2005) . In contrast with these findings, Zou, Müller, and Shi (2012) observed larger benefits of multisensory stimulation on visual target detection in the endogenously unattended half of the stimulus display as compared to the endogenously attended half of the display (as evident from a larger pip-and-pop effect at the unattended side). A factor that might have contributed to these different findings is the degree of spatial uncertainty of the target in the task. For example, when the target location was not varied on a trial-by-trial basis, attention was shown to enhance multisensory integration for simple (e.g., Talsma & Woldorff, 2005) and complex stimuli (e.g., Alsius et al., 2005 Alsius et al., , 2007 Fairhall & Macaluso, 2009) . Differences in the specific task requirements and stimulus properties aside (e.g., see Navarra, Alsius, Soto-Faraco, & Spence, 2010 , for a discussion), the majority of these studies have at least shown that MSI can be influenced by endogenous forms of attention. Much less is known about the effects of exogenous spatial attention on MSI. In fact, there is some debate about whether crossmodal exogenous spatial attention and MSI are actually different processes or the same process (e.g., Macaluso, Frith, & Driver, 2000; McDonald, TederSälejärvi, & Ward, 2001; Spence, 2010, pp. 183-184) . Some researchers have suggested that exogenous spatial attention and multisensory integration can be discriminated, for example, based on the time-course of their effects. The effects of exogenous spatial attention are often most pronounced with cue target onset asynchronies (CTOA) of 50-200 ms (e.g., Berger, Henik, & Rafal, 2005; Spence & Driver, 1994) , whereas multisensory integration is typically most pronounced for stimuli that are presented in close temporal proximity (SOAs <~100 ms, e.g., Leone & McCourt, 2013; Meredith, Nemitz, & Stein, 1987; Stevenson, Krueger Fister, Barnett, Nidiffer, & Wallace, 2012) . Observations of a temporal binding window (TBW) in behavioral studies of temporal order judgment and simultaneity judgment are in line with such a window of integration (~100 visual lead and~60 auditory lead, but note that the width of this window is task and stimulus dependent, see for example Hirsh & Sherrick, 1961; Keetels & Vroomen, 2005; Stevenson & Wallace, 2013; Vroomen & Keetels, 2010; Zampini, Guest, Shore, & Spence, 2005) . Whereas a distinction between crossmodal exogenous attention and multisensory integration based on differences in temporal properties seems to hold well based on the behavioral findings in the literature, others have argued that this distinction is somewhat problematic in terms of the underlying neural interactions given that some researchers have reported observations of multisensory integration in multisensory neurons with SOAs larger than 100-200 ms (see McDonald, Teder-Sälejärvi, & Ward, 2001 , for a discussion).
Whereas there is little research on whether exogenous spatial attention influences multisensory integration, there are several studies of whether the benefits of spatial attention shifts that are evoked by multisensory exogenous spatial cues are any different from unimodal exogenous cues (i.e., the effect of multisensory integration on exogenous spatial attention; e.g., Santangelo, Van der Lubbe, Belardinelli, & Postma, 2006; Santangelo, Ho, & Spence, 2008; Santangelo, Van der Lubbe, Belardinelli, and Postma 2008) . Under low cognitive load, the size of the cueing effect (i.e., response times (RTs) validly cued targets < RTs invalidly cued targets) does not differ between multisensory and unimodal exogenous spatial cues. Under high cognitive load (i.e., while performing a secondary task), however, multisensory exogenous cues are the only cues that are able to evoke a cueing effect whereas unimodal cues do not evoke a significant cueing effect anymore (Santangelo, Ho, & Spence, 2008 ; see Spence & Santangelo, 2009 , for a review). Other studies on multisensory processing and attention, which have mainly focused on temporal stimulus properties, have also observed benefits of multisensory stimulation, but in the detection of visual targets embedded in a complex visual environment (e.g., the freezing phenomenon, Vroomen & De Gelder, 2000 ; the pip and pop effect, Van der Burg, Olivers, Bronkhorst, & Theeuwes, 2008; Van der Burg, Talsma, Olivers, Hickey, & Theeuwes, 2011; see Ngo & Spence, 2010 , for influences of both spatial and temporal alignment on multisensory enhancement of visual search). In the study by Van der Burg et al. (2011) the benefits of multisensory stimulation were most pronounced when the auditory cue and the visual target were presented simultaneously. These benefits could not be explained by a general alerting effect or by shifts of spatial attention (the sound was not lateralized, but presented to the left and right ear through headphones). These findings indicate that the observed benefits were probably due to the attention attracting effects of the integration of auditory and visual stimuli and are in line with a distinction between crossmodal attention and multisensory integration based on time differences. Although these studies provide insight into the influence of multisensory integration on possible shifts of exogenous spatial attention (and some also on whether MSI can occur pre-attentively, e.g., SotoFaraco, Navarra, & Alsius, 2004; Spence & Driver, 2000; Vroomen, Bertelson, and De Gelder, 2001 ), they do not provide information on the influence of exogenous spatial attention on the integration of information from multiple senses at exogenously attended compared to exogenously unattended locations.
One study that did look into the influence of exogenous spatial attention on MSI was performed by Vroomen, Bertelson, and De Gelder (2001) . In their study they investigated whether the ventriloquist effect (which is thought to be the result of MSI) was affected by the direction of exogenous spatial attention. They did not find such an influence of exogenous spatial attention, suggesting that exogenous spatial attention is not able to influence MSI. Yet, the conditions for observing an influence of exogenous spatial attention on MSI may not have been optimal in their study. Their main experiment consisted of the simultaneous presentation of four squares and a sound that had to be localized by participants ("was the sound coming from the left or the right?"). One of the squares was smaller than the other three, which caused it to act as a singleton and therefore automatically attracted attention. The exogenous cue (i.e., a singleton) was presented simultaneously with the auditory stimulus and was part of the bimodal stimulus. Their results showed that the ventriloquist effect did not depend on the direction of exogenous spatial attention. Several studies, however, have shown that it takes some time for exogenous spatial attention to develop its strongest effect (e.g., 100-300 ms, see Driver & Spence, 1998 for a review on exogenous and endogenous crossmodal spatial attention). Therefore, the onset of the integration process and the shift of exogenous spatial attention may have been temporally misaligned. This may have resulted in preattentive MSI (i.e., no influence of exogenous spatial attention on MSI), just because there was not enough time for exogenous attention to be shifted to the location of the cue.
In order to determine whether exogenous spatial attention is able to influence MSI, we investigated this interaction in a situation in which the exogenous cue was not only presented prior to the multisensory stimulus but was also not part of the multisensory target, using simple stimuli (sounds and light disks). This ensured that there was enough time for exogenous spatial attention to be allocated to the location of the multisensory stimulus. Additionally, as the stimulus that is causing an exogenous shift of spatial attention is different from the stimuli that need to be integrated, exogenous orienting of attention and MSI do not depend on the same stimulus, providing an opportunity for both processes to emerge and for exogenous spatial attention to influence MSI. Although in several studies it was shown that endogenous attention increases multisensory integration, there are also some studies that seem to suggest that multisensory integration is enhanced when the location of the multisensory stimulus is unattended. For example, multisensory integration is less affected by the depletion of attentional resources (e.g., Santangelo, Ho, & Spence, 2008) and multisensory benefits during visual search are larger at endogenously unattended regions of space (Zou, Müller, & Shi, 2012) .
We hypothesized that if the interaction between exogenous attention and MSI depends on whether there was enough time for exogenous spatial attention to be allocated, then an interaction between exogenous spatial attention and MSI should be observed if the exogenous cue is presented slightly before the audiovisual stimulus. If this is indeed the case, two different results may be expected based on previous studies. On the one hand, exogenous attention may show an enhancement of MSI just as endogenous attention has been shown to enhance MSI (e.g., Ngo & Spence, 2010; Talsma & Woldorff, 2005) . That is, multisensory integration is enhanced at exogenously attended as compared to exogenously unattended target locations. On the other hand, one might expect multisensory integration to be more pronounced at exogenously unattended locations, as several studies have shown that multisensory integration is more pronounced at endogenously unattended locations (e.g., Zou, Müller, & Shi, 2012) and that multisensory cues are less affected by the depletion of attentional resources as compared to unimodal cues (e.g., Santangelo, Ho, & Spence, 2008 , Spence & Santangelo, 2009 ).
Experiment 1

Materials and methods
Participants
Sixteen healthy participants were tested in the experiment (seven male, nine female, mean age = 25.70 years, SD = 3.08). This sample size was based on previous studies on exogenous spatial attention and on studies on the interaction between exogenous and endogenous attention and MSI in which sample sizes varied between 12 and 20 participants (e.g., Spence & Driver, 1997; Talsma & Woldorff, 2005; Vroomen, Bertelson, & De Gelder, 2001 ). Participants had normal or corrected-to-normal visual acuity, did not report any hearing problems, and received course credits for their participation. The experiment was conducted in accordance with the Declaration of Helsinki, and participants signed informed consent before the start of the experiment.
Apparatus
An Acer X1261P projector (60 Hz) was used to project visual stimuli on a black projection screen (50 × 75 cm). The screen was placed at 87 cm in front of the participant, whose head was placed in a chin-rest. Three speakers (Harman/Kardon HK206, Frequency response: 90-20,000 Hz) were used to present the auditory stimuli.
Stimuli, task, and procedure
The participants had to detect visual, auditory, and audiovisual targets to the left or the right of a fixation cross (black plus sign, 0.8°× 0.8°, 0.9 cd/m 2 as measured with a PhotoResearch SpectraScan PR 650 spectrometer, Weber contrast −1.0) with and without the prior presentation of an exogenous auditory cue. Target modality (visual, auditory, audiovisual) was randomized and we used the implicit cueing paradigm to make space relevant for the task to increase the possibility of finding a validity effect of the exogenous spatial cue (Ward, McDonald, & Lin, 2000) . There were three possible cue and target locations: left peripheral, center, and right peripheral. Cues and targets were presented at the three locations each with equal probability: 33 % left, 33 % center, and 33 % right. Participants were instructed to keep fixating on the fixation cross throughout the experiment and to press a button as quickly as possible when a target was presented to the left or the right of the central fixation cross (i.e., a Go trial), but not when a target was presented at the center location (i.e., a No-go trial). There was only one button to respond to the presence of a target, avoiding response-priming effects while the spatial location of the target still remained relevant for the task. Response-priming effects typically occur when participants have to indicate a side where a target is being presented using two buttons: one button for targets presented on the left, and another button for targets presented on the right. If cues and targets are presented from the left and the right side, then faster responses to validly cued targets as compared to invalidly cued targets can also be explained by the priming of the side that should be responded to and/or the hand that should be responded with. Here, we avoided response priming by using only one button to respond (e.g., Ward, McDonald, & Lin, 2000) .
The experiment consisted of two blocks: one block without auditory exogenous cues and one block with auditory exogenous cues. Response times in the block without cues acted as a 'baseline' measure of audiovisual integration, and were always presented first. The second block was always the block in which cues were present. A direct comparison of MSI between the No Cue and Cue conditions would be problematic because of possible differences in training and/or fatigue, and the lack of an alerting signal and a temporal warning signal in the No Cue condition. The comparison of MSI in the No Cue block and the Cue block was not the focus of the current study, but rather a comparison of MSI between the Valid Cue and the Invalid Cue condition. We did incorporate the No Cue block in order to know whether any race model violations could be observed using the current stimulus parameters and paradigm. In the second block, cues were present during each trial and were presented with equal probability at the three locations (left, center, right) . Each block's visual, auditory, and audiovisual targets were randomly presented at one of three locations with equal probability either without (during the first block) or with the prior presentation of an auditory exogenous cue (during the second block). ). Auditory targets consisted of a 100-ms white noise burst of ±70 dB(A) SPL (as measured with an audiometer from the location of the participant; 15-ms rise and fall of the signal). Audiovisual targets consisted of a combination of the auditory and visual stimulus and were always spatially and temporally aligned (timing was confirmed with an oscilloscope). Auditory cues consisted of a 75-ms, 2000-Hz sine wave of ±78 dB (15-ms rise and fall of the signal) that were presented with random cue target onset asynchronies between 200 and 250 ms (with steps of 16.7 ms). Each speaker was placed directly behind the projection screen and the center of each speaker was horizontally and vertically aligned with the location of projected visual targets. A schematic top view of the experimental setup is shown in the right panel of Fig. 1 . The setup was placed in the center of the room in order to keep the auditory reflections as similar as possible for sounds presented to the left and to the right of the fixation cross.
Each trial started with the presentation of a fixation cross with a random duration between 750 and 1250 ms. After this, the fixation cross disappeared and the auditory cue was presented for 75 ms, followed by the presentation of a 100 ms auditory, visual, or audiovisual target after a random cue target onset asynchrony between 200 and 250 ms. Participants were able to respond until the end of the inter-trial interval (ITI) of 1900 ms starting at target offset. The ITI consisted of the background only. A schematic overview of the procedure is shown in the left panel of Fig. 1 .
Data analysis
Pre-processing Incorrect trials and trials with response times shorter than 100 ms or longer than 1000 ms were removed from further analysis as they were assumed to be the result of either anticipation or not paying attention to the task, respectively. This led to the removal of 2.9 % of the data. In the No Cue condition 0.2 % of the Go trials (anticipations and slow responses) and 7.8 % of the No-go trials (False Alarms) were removed, and 0.5 % of the Go trials (anticipations and slow responses) and 7.9 % of the No-go trials (False Alarms) in the cued conditions. One participant was removed from further analyses and replaced with a new participant because of low accuracy on catch trials in the No-Go No Cue condition (60 % accuracy). Median response times of each participant in each condition were used for further analyses.
For each cue type (No Cue, Valid, Invalid, and Center Cue), absolute Multisensory Response Enhancement (MRE) was calculated by subtracting the audiovisual median response time from the fastest unimodal median response time from the same cue type for each participant. The resulting values reflect the absolute amount of speed up or slowing down in milliseconds in the audiovisual condition compared to the fastest unimodal median response time for each cue type and for each participant.
In order to test whether possible MRE in each condition could be explained by statistical facilitation (i.e., independent processing) or by MSI, we used the individual cumulative distributive functions (CDFs) of each Target Modality for each cue type to calculate the race model using the equality (Raab, 1962) :
The race model provides the probability (P) of a RT that is less than a given time t in milliseconds, where t ranges from 100-1000 ms after stimulus onset. The race model is based on the combination of the unimodal auditory and unimodal visual CDFs. We compared the observed RTs of the audiovisual CDF of each participant of each cue type to its corresponding race model (e.g., Valid Cue audiovisual CDF vs. Valid Cue race model) at the 10th, 20th, to the 90th percentile of each CDF to test for race model violations (Miller, 1982; Ulrich, Miller, & Schöter, 2007 ; the resulting p-values were Bonferroni corrected, see Statistical analysis). Significant violations of the race model (i.e., RT AV < RT Race model ) indicate multisensory interactions that exceed statistical facilitation.
There are multiple ways in which the race model can be compared to the audiovisual CDFs. One possibility is to compare differences in RT at each quantile, as we described above. Another way to compare the CDFs is to look at differences in probability at each RT for the full function 1 This form of the race model equality is used in several recent studies on multisensory integration in which RTs to audiovisual stimuli are compared to RTs predicted by the race model (e.g., Molholm, et al., 2006; Stevenson, Krueger, Fister, Barnett, Nidiffer, & Wallace, 2012) . The equality, however, can also be expressed as P(RT Race Model <t)= P(RT A < t)+ P(RT V <t), leaving the second part out of the equation under the assumption that responses to signals on different channels compete for resources and may therefore be negatively correlated (see Miller, 1982) . Given that both are being used in the literature, we also analyzed our data using the latter formula, which provided qualitatively the same results.
repeated-measures ANOVA with the factors Target Modality (A, V, AV) and Cue Type (No Cue, Cued, Uncued) was used to analyze accuracy.
To further explore possible differences in detection performance for the different target modalities and cue types, A was calculated as a measure of sensitivity based on the hits and false alarms in each condition (Zang & Mueller, 2005 ; the non-parametric measure A was used as a measure for sensitivity rather than d-prime because the mean accuracy for most participants was either 1 or 0). A 3 × 3 repeated-measures ANOVA with the factors Target Modality (A, V, AV) and Cue Type (No Cue, Cued, Uncued) was used to analyze possible differences in sensitivity. A distinction was made between Cued and Uncued trials instead of maintaining the Valid, Invalid, and Center Cue grouping for this analysis, because targets that were presented at the center could only be cued (Center Cue No-go trial) or uncued (No-go trial with a cue presented from the left or the right of fixation). The Go and No-go trials had to contain the same cue conditions to be able to calculate sensitivity. Therefore, in addition to a Valid Cue Go trial condition, the Invalid and Center Cue Go trials were included in an Uncued Go trial condition.
To analyze response times, a 3 × 4 repeated-measures Analysis of Variance (ANOVA) was used with the factors Target Modality (Auditory, Visual, Audiovisual) and Cue Type (Valid, Invalid, Center, and No Cue) . Planned pairwise comparisons between the levels of Cue Type were performed to investigate whether cueing effects were present for each Target Modality (e.g., Valid Cue RTs < Invalid Cue RTs for visual targets). We also used pairwise comparisons to investigate multisensory facilitation for each Cue Type (e.g., RT Valid Cue AV vs. RT Valid Cue V or A).
One-sample t-tests were used to test for the presence of Multisensory Response Enhancement for each Cue Type. A repeated-measures ANOVA with the factor Cue Type (No Cue, Valid, Invalid, Center) was used to test for overall differences in MRE between the different Cue Types. Planned pairwise comparisons were used to look at the differences in MRE between pairs of Cues.
Race model violations (differences in ms for each quantile) were analyzed using paired samples t-tests for each quantile. The resulting p-values were Bonferroni corrected for the number of tests within a condition (N = 9 as there were nine quantiles) using the formula: p corrected = 1 -(1 -p) n (Motulsky, 1995) . The second type of race model violation was analyzed using one-sample t-tests on the difference in probability between the audiovisual and the race model CDF for each ms from 0 to 1000 ms and in each condition (p-values were not Bonferroni corrected, but only violations across more than 50 consecutive RTs were reported). If the race model is violated, this would indicate MSI.
To test for differences in the amount of race model violation between cue types the median amount of race model violation across the nine percentile points of the CDF of each cue type of each participant was used in a repeated-measures ANOVA with the factor Cue Type (No Cue, Valid, Invalid, and Center Cue), followed by planned pairwise comparisons.
The positive area under the difference curve (i.e., the difference in probability of the AV CDF and the race model CDF for the RT range of 0 to 1000 ms) was also used to investigate differences in race model violation between cue types. In order to extract the positive area under the curve for each participant, the difference curve between the AV CDF and the race model CDF was calculated for each participant. Next, all negative probabilities (no race model violation) were set to a value of zero and only the positive area under the curve was calculated for all participants. A repeated-measures ANOVA with the factor Cue Type (No Cue, Valid, Invalid, Center) was used to test for differences in the positive area under the curve, followed by planned pairwise comparisons.
In each analysis the degrees of freedom were corrected using the Greenhouse-Geisser correction when necessary.
Results
Accuracy
Overall accuracy on Go trials was very high (average accuracy on Go trials across all cue types, M = .996, minimum accuracy = .980, maximum accuracy = 1.00). There was a main effect of Target Modality on Go trials [F(1.063, 15.949) = 6.057, p = .024, ε = .532, η 2 partial = .288]. Bonferroni corrected pairwise comparisons between target modalities revealed a significant difference between accuracy for Auditory (M = 0.99, SE = .005) and Audiovisual Go trials (M =1.00, SE =0.00, t(15) = -2.043, p = .047), but not between Visual (M =1.00, SE = .001) and Audiovisual, nor Visual and Auditory go trials (all p's > .1). There was no main effect for Cue Type and no interaction between Target Modality and Cue Type (all p's > .1), indicating that there was no difference in the amount of anticipations (RTs <100 ms) and misses (no response or RTs >1000 ms) between the different cue conditions and target modalities.
For RTs on audiovisual target trials (M =297 ms, SE =10) were significantly shorter compared to RTs on visual (M =331, SE =8, t(15) =9.198, p < .001), and auditory target trials (M =359 ms, SE =10, t(15) =14.685, p < .001), indicative of multisensory facilitation of response times. Responses to auditory targets (M =359 ms, SE =10) were significantly slower compared to visual targets (M =331 ms, SE =8, t(15) =4.362, p = .003). The observation that RTs to auditory targets were generally slower compared to RTs to visual targets can be explained by the fact that auditory localization is generally more difficult than visual localization (e.g., Frens & Van Opstal, 1995) .
The interaction between Cue Type and Target Modality was also significant [F(3.588, 53 .813) =14.219, p < .001, ε = .598, η 2 partial = .487]. This interaction could be explained by differences in the size of validity effects for different target modalities, by varying differences in RT between target modalities across the different cue types, or a combination of both.
To investigate the cause of the interaction, we first used pairwise comparisons to check whether cueing effects (CE; difference in RT between validly cued and invalidly cued targets) were present for each Target Modality and whether they were different in size. The difference in RT between Valid and Invalid cues was significant for auditory (mean CE =36 ms, M valid =330 ms, SE =11 vs. M invalid =366 ms, SE =9, t(15) = −5.398, p < .001), visual (mean CE =25 ms, M valid =290 ms, SE =7 vs. M invalid =315 ms, SE =7, t(15) = −5.967, p < .001), and audiovisual targets (mean CE =22 ms, M valid =272 ms, SE =10, vs. M =294 ms, SE =9, t(15) = −6.267, p < .001). There were no significant differences between target modalities in the size of the validity effect (mean validity effect =27 ms, SE =3, all p's > .22). Therefore, these results do not explain the interaction, but they do indicate that the exogenous auditory cue caused an exogenous shift of attention that facilitated responses to unimodal (in a crossmodal and in an intramodal way) and bimodal targets 2 The centrally presented cue is in fact an invalid cue, but presented at a smaller distance from the target location compared to the Invalid Cue condition. Still, it is difficult to say for sure whether audiovisual targets following center cues were diffusely attended or entirely unattended (given that it was an invalid cue). that were presented at the same location as the cue. The validity effects are clearly visible in Fig. 2 A similar pattern was observed for invalidly cued targets and centrally cued targets. In the Invalid Cue condition, RTs on audiovisual target trials (M =294 ms, SE =9) were shorter than on visual target trials (M =315, SE =7, t(15) =4.175, p < .002) and auditory target trials (M =366, SE =9, t(15) =11.194, p < .001). The difference in RT between invalidly cued visual and auditory targets was also significant [t(15) =6.175, p < .001], with invalidly cued visual targets responded fastest to.
In the Center Cue condition, responses to audiovisual targets (M =286 ms, SE =8) were faster than to auditory (M =352 ms, SE =10, t(15) =10.474, p < .001) and visual targets (M =317, SE =8, t(15) =9.321, p < .001). Responses to visual targets were faster than to auditory targets in the Center Cue condition [t(15) =5.822, p < .001].
In sum, these results indicate that whereas there was no difference in RT between auditory and visual targets in the No Cue condition, this was the case in all cued conditions, which explains the interaction. 
Multisensory response enhancement
Race model violation
To investigate whether the race model could explain the speed-up in the audiovisual condition in each cue condition, we compared the audiovisual CDF and the race model CDF for each cue type for each quantile bin of each CDF. The results revealed significant race model violations for all cue types. Figure 4 (left panel) shows the average amount of race model violation in each of the cue conditions for each of the quantiles. A significant race model violation was observed for the 10th to the 70th percentile in the No Cue condition (p < .05), for the 10th to the 50th quantile in the Center Cue The audiovisual CDF and the race model CDF can be compared for comparable quantiles resulting in a difference in ms between two CDFs (as shown in Fig. 4 ), but it can also be compared in terms of differences in probability for comparable RTs (see Fig. 5 ; see also Laurienti, Burdette, Maldjian, & Wallace, 2006, for example). The finding that the race model was violated at a larger range of quantiles in the Invalid Cue condition as compared to the Valid Cue condition was also supported by the range of RTs in which the race model was violated in terms of probability enhancement (see Fig. 5 , left panel). In the No Cue condition the RT range in which the race model was positively violated was 142 ms long (from 244 to 385 ms). In the Valid Cue condition this window was 66 ms long (185-250 ms), which was smaller compared to the Invalid Cue condition in which this window was 96 ms long and there was a shift to somewhat slower response times (214-309 ms). The size of the window of RTs in which the race model was violated in the Center Cue condition was similar to that in the No Cue condition, but shifted to faster RTs (window =135 ms, from 192-326 ms).
The positive area under the curve was also compared between the different Cue conditions (see Given that responses in the Valid Cue condition were generally faster as compared to the Invalid Cue condition, one might argue that race model violations are generally smaller in the Valid Cue condition as there may be less room for improvement in terms of RTs. In order to explore this possibility, correlations between RTs to audiovisual targets and the amount of race model violation in the Valid and Invalid Cue condition were calculated. There was a significant negative correlation between RTs and the median race model violation in both the Valid (Pearson r = −.829, p < .001) and the Invalid Cue condition (Pearson r = −.821, p < .001). These correlations indicate that the faster responses to audiovisual targets were, the larger the race model violation was at both the validly and the invalidly cued target locations, which is in contrast with the explanation that race model violations decrease with increasing RTs to audiovisual targets. Negative correlations were also observed between unimodal RTs and race model violation in the Valid and Invalid Cue condition (all correlations were negative, but not all correlations were significant, see Table 1 ). Furthermore, there was no significant difference in absolute MRE between the Valid and Invalid Cue condition, indicating that the differences in race model violation were not the result of differences in the amount of absolute MRE that was possible in the Valid and Invalid Cue condition.
Modality switch effects
Several different factors may contribute to the observed amount of race model violation, indicating that one must be careful with interpreting race model violations as a pure measure of multisensory integration. One of the effects that can contribute to the observed amount of race model violation is the modality Switch effect (MSE; Gondan, Lange, Rösler, & Röder, 2004; Otto & Mamassian, 2012 , Spence, Nicholls, & Driver, 2001 ). In a typical redundant target effect paradigm (e.g., Miller, 1986) , the modality of the target is randomized across trials. This randomization results, however, in differences in RTs between trials in which a Target Modality switch occurred (relative to the previous trial) as compared to No Switch trials. Modality switches have been shown to contribute to the amount of race model violation that was observed (e.g., Gondan, Lange, Rösler, & Röder, 2004; Otto and Mamassian, 2012) . As the race model is based on the distribution of RTs for unimodal auditory and visual targets, building a race model using the CDFs of faster RTs (e.g., No Switch trials) will result in a faster RT prediction of the race model as compared to slower RTs (e.g., Switch trials). In order to investigate whether the MSE partly explained the amount of race model violation in our paradigm, we also analyzed the MSE for unimodal auditory visual target trials using a N-1 The MSE was not analyzed for the Cue block because an auditory cue was always presented between consecutive targets. Thus, there was never a modality switch between the auditory exogenous cue and the auditory target (intramodal cueing), whereas there was always a modality switch for visual target trials (crossmodal cueing). In trials in which an audiovisual target was present, both a Switch and a No Switch occurred (i.e., both intra-and crossmodal cueing). We therefore decided that a trial history analysis would not make sense in the Cue block, because modality switches were fixed for each Target Modality and the same for each cue condition.
The repeated-measures ANOVA with the factors Target Modality (A, V) and Switch Type (Switch, No Switch) The race model was calculated separately using unimodal Switch and unimodal No Switch trials to further explore the contribution of MSE to race model violations in the No Cue condition. The audiovisual CDF was then compared to both the Switch and the No Switch race models. For two participants there were not enough unimodal auditory Switch trials (N =4 for both participants) to calculate the race model so the race model violation analysis was performed on data from the remaining fourteen participants. On average the No Switch race model was a bit faster as compared to the Switch race model. There were fewer percentiles at which the race model was significantly violated during No Switch trials (significant violations at the 10th and 70th percentile) as compared to Switch trials (significant violations at the 10th, 20th, 30th, and 70th percentile, see Fig. 7, left panel) . The average of the median amount of race model violation for the Switch and the No Switch condition was still significant as indicated by one sample t-tests (No Switch: M =16 ms, SE =6 ms, t(13) =2.238, p = .043; Switch: M =26 ms, SE =7 ms, t(13) =3.659, p = .003). There was no significant difference in the average of the median amount of race model violation between the Switch and the No Switch condition [t(13) = −1.978, p = .069, see Fig. 7, right panel] . Thus, although MSE did seem to contribute a little to the amount of race model violation, the observed difference was not significant. These results must be interpreted with care because the number of No Switch and especially the number of Switch trials was very low (see Fig. 6 ).
Discussion
The goal of the present study was to investigate whether exogenous spatial attention was able to change the outcome of multisensory integration. In order to do so, valid, invalid, and center exogenous auditory cues were presented before unimodal and bimodal audiovisual targets. The results of Experiment 1 revealed significantly larger race model violations at exogenously unattended compared to exogenously attended locations. These results suggest that multisensory integration is decreased at exogenously attended locations as compared to exogenously unattended locations. A simple explanation for this effect could be that response times cannot be much faster at attended locations and therefore results in less benefit of multisensory stimulation. There are two arguments that can be made against this explanation. First, there were significant negative correlations between response times to unimodal auditory/visual/audiovisual targets and the corresponding amount of race model violations in both the Valid and the Invalid Cue condition. The amount of race model violation increased as responses became faster, both in the Valid and in the Invalid Cue condition. This indicates that the amount of race model violation did not systematically decrease as the absolute RTs decreased (i.e., faster responses did not results in less race model violation). Furthermore, the absolute amount of MRE did not significantly differ between the validly and the invalidly cued targets, indicating that in terms of absolute speed up in the multisensory condition compared to the fastest unimodal condition, there was no difference between attended and unattended locations. Crucially, most of the multisensory speed up at exogenously attended locations could, however, be explained by statistical facilitation, whereas this was not the case at exogenously unattended locations.
One could argue that the difference in sensitivity between visual targets and auditory targets makes the interpretation of the results difficult. However, audiovisual targets always consisted of the same unimodal components and the critical manipulation of interest was a possible modulation of MRE by exogenous spatial attention. There were no differences in sensitivity between cue conditions and no interaction between cue condition and Target Modality. Therefore, we do not think that the observed differences in sensitivity are problematic because these differences were equal for the Valid and the Invalid Cue condition.
Race model violations can sometimes be explained by taking trial-history effects into account. In particular modality switch effects can contribute to the amount of race model violation (e.g., Otto & Mamassian, 2012) . As others have shown, this is not always the case (Gondan, Lange, Rösler, & Röder, 2004) . In the No Cue condition of Experiment 1, there was a slight decrease in the amount of race model violation, which could be explained by MSE. However, this decrease was not significant and the race model was still violated when the AV CDF was compared to a race model that consisted of only unimodal No Switch trials. Trial history effects were not analyzed in the cued conditions as the exogenous auditory cue always caused a modality switch for visual targets within a trial, and never for auditory targets within a trial. For audiovisual targets, both a modality Switch and a No Modality Switch occurred after the presentation of the cue.
Additionally, we observed spatial cueing effects for all target modalities. If modality switch effects contributed more to the speed up of responses to different targets than exogenous spatial attention, then validly cued unimodal auditory targets should be responded to faster as compared to unimodal visual targets, because auditory processing benefits both from within modality priming and exogenous spatial attention. This cannot be concluded from the data, as responses to visual targets were always faster compared to responses to auditory targets in the cued conditions despite the modality switch that was always present within a trial for visual targets. Importantly, there was no difference in RTs for unimodal visual and auditory targets in the No Cue condition. We therefore argue that the current observation of larger race model violations for invalidly cued targets as compared to validly cued targets reflects differences in multisensory integration between exogenously attended versus unattended target locations.
The amount of multisensory integration has been shown to differ between localization and detection paradigms (e.g., Hecht, Reiner, & Karni, 2008) . Whereas in localization paradigms participants have to process the spatial location of targets before responding, spatial information is taskirrelevant in detections paradigms. The results from previous studies suggest that multisensory integration of simple lights and sounds is especially helpful when spatial orienting is taskrelevant (e.g., Hecht, Reiner, & Karni, 2008) . Exogenous spatial attention may therefore have a larger influence on multisensory integration in tasks in which spatial localization is important. When spatial localization is task-irrelevant, the influence of exogenous spatial attention on multisensory integration may decrease substantially as the task can be completed without relying on spatial information. In order to test possible task dependencies of the effect of exogenous spatial attention on multisensory integration, we conducted another experiment in which a Go/No-go detection task was used. Although the task was still to detect auditory, visual, and audiovisual targets using one button, this time targets were only presented from the left and the right side of the fixation cross but not at the central location. No-go (catch) trials did not consist of the presentation of the target at the fixation cross, but of the absence of a target. This way, participants did not have to localize the target before deciding to respond to the presence of a target in Experiment 2, which was the case in Experiment 1.
Experiment 2
Materials and methods
Participants
Twenty-four participants were tested in Experiment 2 (six male, 18 female, mean age =25.5 years, SD =3.5). All participants had normal or corrected-to-normal visual acuity and did not report any hearing problems. The participants received either course credits or a monetary reward for their participation. The experiment was conducted in accordance with the Declaration of Helsinki, and participants signed informed consent before the start of the experiment.
Apparatus
Visual and auditory stimulus presentation was controlled through a custom-built audiovisual stimulus generator 3 that was connected to a PC running MATLAB. Visual stimuli consisted of tri-colored Light Emitting Diodes (LEDs, Forge Europa, bulb size: 5 mm, viewing angle: 65°, LED colour: red, green, and blue) of which the intensity and color could be adjusted independently. Auditory stimuli were presented over loudspeakers (e-audio black 4" Full Range Mini Box Speaker, dimensions: 120 × 120 × 132 mm, frequency response: 80-20,000 Hz). With the use of the audiovisual stimulus generator, stimuli were presented with high temporal precision (i.e., an accuracy of 1 ms in terms of their onset and offset during a trial, timing was confirmed using an oscilloscope). Participants were instructed to place their chin in a chin-rest to keep the distance between the stimuli and the participants the same. Three loudspeakers and three LEDs were used to present the stimuli at a distance of 64 cm from the participant. Each LED was attached to the center of a speaker ensuring precise spatial alignment. The left and the right speakers with LEDs were placed at 33°to the left and the right of the central speaker and LED.
Stimuli, task, and procedure As in Experiment 1, participants had to detect auditory, visual, and audiovisual targets. This time, targets were presented only at the left and the right location, and not at the central location.
Whereas Experiment 1 was a Go/No-go localization detection task, Experiment 2 was a simple detection task. Exogenous auditory cues were present in each trial and were presented from the left or right location. Targets could be presented at the same or a different location (i.e., from the opposite side of the central fixation location) as the cue. Thus, targets could be either validly or invalidly cued. Each trial started with the onset of a central blue LED (266 cd/m 2 ) with a random duration between 750 and 1250 ms. After the fixation offset, a 100-ms exogenous auditory cue was presented from the left or right location. The cue was a 75-ms 800 Hz pure tone [~66 dB(A)]. The target consisted of the illumination of a green LED (2072 cd/m 2 ) for 100 ms, the presentation of a white noise sound [~66 dB(A)] for 100 ms, or the combination of the green LED and the white noise sound (SOA =0 ms; Target Modality and target location were randomized). The cue-target stimulus onset asynchrony varied randomly between 200 and 250 ms and the response window was set to 2000 ms after target onset after which the next trial started. There were 80 auditory targets (40 validly cued, 40 invalidly cued), 80 visual targets (40 validly cued, 40 invalidly cued), and 80 audiovisual targets (40 validly cued, 40 invalidly cued). Sixty catch trials (20 %) were implemented in which no target was presented after the presentation of the cue to ensure that participants were paying attention to the task and responded only to the targets. The participants were instructed to press a button on a custom-made response box as quickly as possible after the detection of the green target LED, the white noise sound, or their combination, and to withhold their response when no target appeared after the auditory cue.
Data preprocessing
The same data preprocessing steps as in Experiment 1 were used.
Statistical analyses
The same analyses as in Experiment 1 were used with the exception that the factor Cue Type contained only two levels in Experiment 2 (Valid, Invalid).
Results
Accuracy
Overall, accuracy was high on Go (M = .974, SE = .007) and No-go trials (M = .916, SE = .100).
The repeated-measures ANOVA of accuracy on Go trials revealed a main effect of Cue Type [F(1, 23) A closer inspection of the validity effect (VE) for each Target Modality using one-sample t-tests revealed that there was a significant VE for visual (M =24 ms, SE =5 ms, t(23) = −5.020, p < .001) and audiovisual targets (M =12 ms, SE =3 ms, t(23) = −3.537, p = .002), but not for auditory targets (M =8 ms, SE =6 ms, t(23) = −1.311, p = .203).
Multisensory response enhancement
One-sample tests revealed that there was significant absolute MRE in both the valid (mean MRE =40 ms, SE =5 ms) and the invalid condition (mean MRE =52 ms, SE =5 ms, all p < .001, see Fig. 8, right panel) . The amount of absolute MRE was not significantly different between the Valid and the Invalid Cue condition (but close to significance, t(23) = −2.019, p = .055).
Race model violation
Significant race model violations were observed only in the Invalid Cue condition, not in the Valid Cue condition. The race model was significantly violated at the 40th and 50th percentiles (p < .05, 2-tailed, Bonferroni corrected, see Fig. 9 , left panel). There was no difference in the average of the median amount of race model violation between the Valid (M =6 ms, SE =4) and the Invalid Cue conditions (M =7 ms, SE =4, t(23) = −.294, p = .771, see Fig. 9 , right panel).
A more detailed look at the range of RTs in which the race model was violated at consecutive RTs is provided in Fig. 10 (left panel). This was the case in the 193-323 ms range (window width =131 ms) in the Valid Cue condition. As in Experiment 1, this range was larger and shifted to later RTs in the Invalid Cue condition in which consecutive significant race model violations were observed in the RT range 207-437 ms (window width =231 ms). The RT range in which consecutive race model violations occurred was 100 ms larger in the Invalid Cue condition as compared to the Valid Cue condition. The average positive area under the curve was significantly different from the race model both in the Valid (M =19, SE =3, t(23) =7.047, p < .001) and the Invalid (M =21, SE =15, t(23) =7.792, p < .001) Cue condition, as shown by one-sample t-tests. There was no difference in the average positive area under the curve between the Valid and Invalid 
Discussion
In Experiment 2 we investigated the influence of exogenous spatial attention on multisensory integration in a Go/No-go detection paradigm in order to investigate whether the interaction between exogenous spatial attention and MSI depended on spatial localization. The observed effect of exogenous spatial attention on MSI was not as pronounced in Experiment 2 as in Experiment 1. There were differences in the range in which the race model was violated, but this was not reflected in all measures. The larger amount of MSI in the Invalid Cue condition was mainly visible in the absence of any race model violation in the Valid Cue condition (in terms of the absolute difference in ms between the race model CDF and the audiovisual CDF for different quantiles) and the broader range of RTs in which the race model was violated in terms of probability enhancement in the Invalid Cue condition. The RT range in which the race model was violated was 100 ms larger for targets appearing at exogenously unattended locations as compared to exogenously attended locations. In sum, although the spatial location of stimuli was task-irrelevant in Experiment 2, we still observed some effects of the exogenous cue on MSI. These results could be taken to suggest that the interaction between exogenous spatial attention and MSI is affected by whether spatial localization is task-relevant. This may not be very surprising considering that exogenous spatial attention is inherently spatial and its effects on other processes may therefore be especially pronounced in spatial tasks.
General discussion
The goal of the present study was to investigate whether exogenous spatial attention could affect multisensory integration of simple lights and sounds. This study is the first to show that exogenous spatial attention can influence MSI, given that enough time is provided for the exogenous cue to attract attention to the target location and that the cue is not part of the stimuli that need to be integrated. Although the absolute amount of MRE was the same when the target location was attended compared to when it was unattended, MSI was decreased at the attended location as compared to the unattended locations. This indicates that exogenous spatial attention speeds up the processing of multisensory stimuli (as indicated by cueing effects for unimodal and multisensory targets), but also decreases the amount of MSI. Besides the effects of exogenous spatial attention on MSI, the exogenous cue also caused an alerting effect and acted as a temporal warning, which contributed to a general decrease in MSI both at attended and unattended locations as indicated by a decrease in race model violation in the cued conditions as compared to the condition in which no cue was present. A temporal warning can increase the expectation of the appearance of a target and decrease MSI compared to a situation in which there is no temporal warning, or, in other words, a lower expectation of an upcoming target (e.g., Reches, Netser, and Gutfreund, 2010) .
Several frameworks of multisensory integration have been proposed to account for the interactions (or lack of an interaction) between attention and multisensory integration (Koelewijn et al., 2010) . Whereas the 'early integration' framework states that MSI occurs at an early pre-attentive stage, the 'late integration' framework states that integration takes place a late stage, leaving room for attention to affect the unimodal sensory input. Additionally, the parallel integration framework (Calvert & Thesen, 2004) states that MSI can occur at both 'early' and 'late' stages of sensory processing depending on spatial, temporal, and/or content properties of the stimuli. Several studies have provided examples of each of these stages and together provide support for the parallel integration framework (see Koelewijn et al., 2010, for a review) . By presenting the exogenous spatial cue a little ahead in time of the multisensory target, exogenous spatial attention was allowed time to shift to the location of the target and decrease MSI. If we assume that the integration of spatially and temporally aligned simple lights and sounds is indeed the result of 'early' MSI, then we should perhaps reconsider the idea that 'early' integration always occurs in a pre-attentive way (as suggested by Koelewijn et al., 2010) .
The effects of exogenous attention on MSI that we observed are opposite to those found in most studies in which the influence of endogenous attention on MSI was investigated (e.g. Talsma & Woldorff, 2005; Fairhall & Macaluso, 2009) . Whereas previous studies have provided evidence for the idea that endogenously attending the target location enhances MSI of simple stimuli, we observed that exogenously attending the location of the target decreased MSI. Our findings are in line with the results from Zou, Müller, and Shi (2012) who found that MSI was enhanced in the endogenously unattended half of the stimulus field (as shown by the strength of the pip and pop effect). A key factor in whether attention is able to decrease multisensory integration at attended locations as compared to unattended locations might be the need to localize targets in space. When targets are always presented at the same location, there is no need to pay attention to multiple spatial locations. When the target location is uncertain (in both Experiment 1 and Experiment 2 of our study and the study by Zou, Müller, and Shi, 2012) , MSI is decreased at the attended location as compared to the unattended location, while the opposite seems to be true for fixed target locations (e.g., Talsma & Woldorff, 2005; Fairhall & Macaluso, 2009) .
The spatial uncertainty of target locations seems to be linked to the need for spatial orienting, with a higher uncertainty of the target location leading to a higher need for spatial orienting. This was also clear from the results of Experiment 2, in which targets did not have to be localized in order to perform the task, making spatial orienting task-irrelevant. As in Experiment 1, a small decrease in MSI was observed at exogenously attended locations as compared to exogenously unattended locations, but the effect was less pronounced (as seen in the lack of, for example, a significant difference in average race model violation). Even though the spatial location of cues and targets was task-irrelevant in Experiment 2, the location of the cue and the target was still uncertain (i.e., the target randomly appeared to the left or the right of the fixation cross, or did not appear), which may have increased the chances of spatial orienting and finding similar but less pronounced effects of exogenous spatial cues as in Experiment 1. The idea that some spatial orienting still occurred is supported by the observation of a cueing effect for visual and audiovisual targets, but the absence of a spatial cueing effect for auditory targets in Experiment 2 indicates that the cueing effect was less robust as in Experiment 1. If spatial uncertainty is indeed a key factor in the interaction between exogenous spatial attention and MSI, then MSI might be decreased at attended target locations because spatial orienting that is evoked by the cue and spatial orientation caused by the multisensory target (and therefore multisensory integration) are redundant (i.e., multisensory integration is not as helpful in spatial localization when attention is already at the right location). The opposite is true for exogenously unattended or invalidly cued targets.
A further possible explanation for the decrease in MSI at exogenously attended locations as compared to exogenously unattended locations could be related to the changes in perceptual sensitivity caused by exogenous cues. Exogenous spatial attention is able to increase perceptual sensitivity at attended locations as compared to unattended locations (e.g. Carrasco, Penpeci-Talgar, & Eckstein, 2000; see Carrasco, 2011, for a review) . Research has shown that the effects of exogenous attention on perceptual sensitivity can be explained by a combination of response gain and contrast gain models (Ling & Carrasco, 2006) . Whereas contrast gain is effectively similar to an increase of stimulus contrast at the attended location, response gain can be interpreted as an increase in stimulus intensity at the attended location. Exogenously attending a multisensory target could thus lead to an increase in perceived intensity and contrast. The principle of inverse effectiveness states that the benefit of multisensory integration (e.g., in terms of RT) is larger for weaker stimuli (e.g., less intense) than for stronger stimuli (e.g., more intense). One could argue that because perceptual sensitivity is higher at exogenously attended locations, MSI is decreased at exogenous attended locations through inverse effectiveness (but see Leone & McCourt, 2013; Holmes, 2007 Holmes, , 2009 .
The current results may also be interesting from a more applied point of view. Exogenously attended multisensory targets were responded to the fastest in an absolute sense, compared to unattended multisensory targets. Thus, regardless of whether or not integration occurred when the target location was attended compared to when it was unattended, participants benefited the most from the combination of an exogenous cue and a multisensory stimulus, as shown by their RTs. This may be especially relevant in designing multisensory interfaces when the focus is on the speed of responding.
As far as we know, this is the first study to report that exogenous spatial attention influences audiovisual integration. Exogenous attention was able to speed up responses to multisensory stimuli, but at the same time also decreased the amount of MSI. These findings are in contrast with the idea that 'early' integration cannot be affected by exogenous spatial attention. Last, there may be an important role for spatial orienting and spatial uncertainty in this interaction, as indicated by a more pronounced interaction when the location of stimuli was task-relevant compared to when the location of the stimuli was task-irrelevant.
